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Phonons and Charge-Transfer Excitations in HTS Superconductors
A. R Bishop
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Los Alamos National Laboratory
Los Alamos, NM 37345 USA

Abstract. Some of the experimental and theoretical evidence implicating phonons and
charge-transfer excitations in HTS superconductors is reviewed. [t is suggested that su-
perconductivity may be driven by a synergistic interplay of (anharmonic) phonons and
electronic degrees of {reedom (e.g. charge fluctuations, excitons).

I. Introduction =

The wealth of experimental and theoretical studies of the new oxide superconductors begins
to suggest more focused directions regarding mechanisms. While contributions from exotic
and spin-based pairing mechanisms remain active possibilities, we believe that charge-
transfer (CT) (excitonic) mechanisms synergistically assisted by electron-phonon coupling
(and possibly accompanied by spin fluctuations) are indicated by a number of results
and by the materials themselves. The high polarizability of O?~ and the familiar strong
phonon modes and affinity for structural instabilities which characterize perovskite-like
materials are ideal conditions to synergistically enhance low-lying metal-oxygen charge
transfer channels. This is true of the simple layered 2-1-4 structures such as La;_,Sr, Cu(§4
but is further augmented by the “sandwich” structures characterizing 1-2-3 YBagCu3 05 _;,
Bi (4-3-3-4) and T1(2-1-2-2). etc. In these latter cases we have proposed that the dvnamic
polanizability of the environment surrounding CuO; planes plays an important role in
enhancing Te..

Elsewhere [1] we have described how a large body of experimental information can
be rat.onalized within such a theoretical scenario. Here we mention a few additional
experimental facts which have become available more recently.

Ryman scatering indicates certain strong phonon modes and the optical conductivity
(2] has now convergea on a picture of electrons scattering from “some” high frequency
excitation in a phonon-like regime (500-700K): the implied high phonon frequency and
strong interaction ar- certainly natural if oxygen is centraily involved, consistent with our
discussion in section 2. The mid-IR absorption observed in the frequency dependent con-
ductivity for YBagCu3zOp_4 thin films has now been resolved into a series of absorptions,
probably of electronic (e.g. charge transfer (excitonic)) origin (3]. In an untwinned single
crystal of EuBagCugOy_4 a strong mid IR feature has been observed [4] to be both narrow,
polarized in the chain direction, and changing its {requency with é, all consistent |5] with
our theory of low-lying excitons in the Cu-O chains (see section 2(i)).

Phonons are also implicated by inclastic neutron scattering (suggesting, e.g., breathing’
modes in CuOy planes rdl). by (small) phonon ancmalies which track T, [71, and by tun-
neling data, particularly for BiCaStCuOv (8]. Elastic constant anomalies appear as
precursors of superconductivity in single crystal 2-1-4 samples. Strong electron-phonon
coupling is almost certainly the d.iving mechanism ia BayK|_,BiO3 [9]. Strongly anhar-
monic phonons [GL may be suggested by recent neutron and Raman scattering evidence
for more phonon branches than expected on symmetry grounds, as well as by apparent
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doping-dependent isotope effects. In the 1-2-3 and high temperature Bi and T| sandwich

structures, recent copper K-edge X AS data suggest {10} that the O(4) “bridging” oxygen

is characterized by a doutle well anharmonicity which is very sensitive in the supercon-

ducting transition region. This 1s highly suggestive of a synergistic coupling between the
axial phonon ynamics and electronic degrees of freedom involved in the superconductiv-
ity. Such a picture is further supported by the anomalous oscillator strengths of axial O(4)
phonons modes in both IR [7] and Raman [11]. In section 2(ii} we interpret this enhance-
ment in terms of a coupling between phonons and CT electronic modas - - which we have
elsewhere (see section 2(1)) also suggested as driving the superconductivity. The scenario
of strongly nonlinear (e.g.. Jahn-Telier-. buckling-, tilting-, or breathing-mode) phonons,
perhaps coupled to CT excitons or spin fluctuations, may also occur in the CuQ9 planes
of the 2-1-4 materials, but data is incomplete so far [6], although evidence for anoina-
lous Raman activity of specific plane modes is beginning to appear. The ubiquitous large
linear resistivity temperature regime could also be ascribed to the presence of two dom-
inant phonons/excitons: electron interactions with a low frequency mode (Aw S kgT¢)
could drive T¢, while scattering from high frequency modes (Aw % kgT.) would dominate
resistivity.

Some recent tunneling (8] and phcioemission [12] data have suggested strong coupling
BCS-like behavior with 2(0)/kpTc ~ 7. This is somewhat high for conventional strong
coupling Eliashberg theory w'.n linear phonons and Coulomb effects controlied by u°.
However a synergistic counung of e ;. nonlinear phonons, or phonons and CT excitona
(as suggested above) h-.s yet to be investigated systematically. Again, strong Coulomb
interactions, strong ~vupling between phonons and superconductivity, or anistropic pairing,
will take us beyrad the conventional Eliashberg framework. We will reemphasize these
issues in sectiwn 3.

Qur pr.mary intention here will be to summarize some of the model Hamiltonians being
emplovsu to address aspects of the scenario outlined above.

2. Models Hamiltonians and Charge Transfer

Deciding on an appropriate microscopic model hamiltonian to describe the complex struc-

tures of the new materials is not straightforward and not a settled issue: 1-band or multi-

band: 7- or @- or other orbitals?; 2-dimensional or (aniatropic) 3-dimepsional? Interpreting

experimental probes lags the quality of the measurements themselves in some cases, and

sample quality continues to be a limiting issue for characterizing intrinsic properties. In-

rerpreting photoemission so as to extract model parameters is still controversial, eithough

hand structure and various degrees of ab initio quantum chemistry are nov- converging
with respect to parameter assignments for Hubbard modcels. However, since we believe
rhat Hubbard models will eventually have to be seriously extended in thess materiils
. via anharmonic electron-phonon coupling 13|, Hubbard V,W [14,13], multiple-bands {13},
#tc.i. It remains premature to attempt to fix model parameter values. We therefore prefer
to explore parameter space widely in simple models and allow experimimnt to guide the
most im=-ortant augmentation of those models. With this philosophy in mind, we dercribe
here (1) a U-V Hubbard model; (ii) a local charge-transier-phonon cluster model; (iii) a
“-ve U model of BCS superconductivity; and (iv) a l-dimensional analog system. Each
model allows us to address different aspects of the pyzile.

We first consider a single CuOg plane. One of the simples: Hamiltonian that takes
into account both Cu and O sites can be written:
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t
H:.-sdz d!d,- + p Z p;pj —(z:) t.‘,jdr-pj + h.c
] J [

a3 ngina = Cp D mpyynpl +V D ndinp, (1)
i J (1.2)

where t, ; is the hopping matrix element between Cu d;2_,3 and O pgy orbitals, z4 and
:p are respective local energy levels, U4(l'p) is the onsite Coulomb repulsion and V is the
nearest-neighbor Coulomb repulsion between Cu and O sites. Since both spin end charge
fluctuations can be soft, Hamiltonian (1) differs qualitatively from the Hubbard Hamilto-
nian, where charge fluctuations are suppressed. If we ignore Uy, Up and V' the resulting
band structure consists of bonding (B) and antibonding (AB) Cu-O bands along with a flat
nonbonding (NB) cxygen band [16.17]. At stoichiometry in LagCuQO4 and YBasCu3Og the
2D AB band is %-ﬁlled and these materials should be metals. On the contrary, expeir.men-
tally both exhibit antiferromagnetism [18,19], indicating the importance of correlations.
To understand the effect of correlations in (1) we will first use weak coupling theory which
enables explicit evaluation of relevant quantities. We find that the physics in the su-
perconducting regime is dominaced by low lving charge transfer excitations. Since oxide
superconductors appear to be more in the intermediate coupling regime, our result should
be interpreted in a qualitative sense. However, quantum chemistry celculations for finite
clusters (below) also demonstrate the importance of charge transfer excitations. We there-
fore expect that overall features of our theory persist in the intermediate coupling regime,
and this has indeed been supported by a variety ot calculations in the sirong coupling
regime using, e.g. slaved-boson analytic techniques [20], exact numerical diagonalizations
or quantum Monte Carlo [21].

Consider the case when the AB band in the CuQO9 plane is &-ﬁlled. After projecting
the fdamiltonian (1) onto the AB band we obtain the following effective Hamiltonian:

eff _ I
Hig = _kac:,,ck.a*'
k.o

+ Z Z[U +2Vcos(q,a)XE+“_\’E+ ZVcos(qya)YEN_YE]c'k._.'_.wchi’c;"cz,m . (2)
;‘E"q-ﬂ.df
where a is the Cu-O separation, §; = é(cd + ) - p + &[(ed - ep)2 + 16¢3(sin’k,a
+ sin2k,a)2]§, U 3 Uycoa 8 + Upsintd,V 3 V cos? 9 sindf, with cos?d = Y+
1+ m‘!{-}yl“’,r being the average of the Cu-O hybridization over the Fermi surface.

X; and Y; are coherence factors.

In weak coupling, we can study collective modes of the system by considering the
equation for the response function oo/ (¢,w) arising from the sum of ring and ladder
Jdiagramas:

Xoor(§iw) = o (fiw) + bg.00 (o ) (T (W) = o(§w) I (Xen(diw) . (D)

where x,(§,w) is the Lindhard function in the AB band and we have restricted our att#ntion
:_o the interband response. The direct interaction [({) and exchange interaction J({) follow
rom (2):



I =U +2Vcoslgraas(§) + '2f'cos(qya)ay(q‘) , €Y}

.](4ﬂ = L—- - 2‘- vj",..\|r|") - ‘J;(tﬂ‘zl . (5)

=1

[n the above equation we have used the definizions:

f):llﬂ = \—1(11—‘_.‘ = O)Zl\-l)(lk‘-\’n-\-;+q—\—k‘ \
k

Jei) = VT = O)Z Kyi k. rﬂ.‘f,;_'_q.—/;(i:) .
7

where -,-}. = cos Ara. ﬁ =sin kra. Ny(k.q) is defined by y (§,v =0) = Z;Ko(k‘ﬂ- The
definitions of quantities with subscript i are obvious.

At half-filling rhe Fermi surface has perfect nesting and there wil! be a tendency to open
a gap on the Fermi surface. An instability can occur in both the charge and spin density
channels and the resulting CDW and SD\V will have periodicity determined by the nesting

vectors Qp = ve. 7= ). One can show by solving (3) that the relative stability of a CDW
or SDW depends on the sign of [({): First note that ,(Qp.w = 0) —{,enQ(?), where

D ~ 2t. From (3) follows én=( T'—D:'Q?;_) = AS—'Z)W(CDW)‘ where Agpy x J(Qo) > 0 and
Acpw x J1Qg) - 21t Qg). Tspuicpiv) being the transition temperature of spin (charge)

density wave. Obviously. for positive [(Qg) Tspiw > Tcpw. while for negative I(Qq) the
situation is reversed. Since [1Qg) = U > 0 the ground state in weak coupling is SDW,
irrespective of the relative size of {" and 1", This SDV reflects the qualitative features of
the observed antiferromagnetic state. Thus, the intraband particle-hole excitations ansing
in (11 account for the antiferromagnetism of these compounds.

However, away from half-filling, when holes are added to the system either by doping
or by varving oxygen contert, the situation may change qualitiatively. This can be appre-
c:ated by considering y,(¢.~ = 0). As r holes are added to the AB band, the maximum
of \,iq.« = 0) moves from Qg to some Q(z), such that ld(.r)l < lQol and 2Va.(Q(z2))
cos Qzir a + 2V, Q(z)) cos Qy(r)a becomes progressively mcre negative. (Note that
g y(Qur < ). The maximum occurs for Q(z) =(£Q.+Q) where Q ~ 'Z'E" “,f-. fors &'t
and g’ = 2t —u. The relation between r and u is r = (lﬁ)(n(%‘,). For V large enough it
's possible "0 attain a situation ‘where:

LQue o =U(2)+2V(2)ar(Qr1icosQelria + 2V(2)ay(Q(2))cosQy(z)a <0, {6)

for some ronceniration of holes r > r.. r. being defined by 1(Q(z¢)) = 0. This signals
the preference for CDW formation. The real, static CDW deformation does not occur,
however, since away from half-filling the nesting teatures are diminished. We then have

low-lying. finite wavevector (Q( 1)), temperature independent, collective charge excitations
in *he CuQq plane. which will strongly inHuence the effective electron interactions. For
some reqon of doping 0 < r. < r X (. < 1. which can be calculated from (3). the
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frequency of these short wavelength charge fluctuations wep(@(z)) will be lower than the
corresponding spin fluctuation frequency «5£(Q(r)), and they can be utilized to build an
attractive reiarded interaction which can lead to superconductivity. Such a region will
occur only for : = :y = sp S t and for A _-1;('. Explicit results for the frequencies of
collective modes 1llustrating this crossover are given in [22]. The generic behavior is shown
in Fig. 1(a). The upturn in wcF is caused by a decrease of V' as one empties the AB band.

Note that our intraband charge excitation is distinct from the local charge transfer
exciton proposed in (23], although the underlying theme, relying on the low energy cost for
Cu « O charge rransfer (see below), is similar. Softening of interband charge fluctuations
is driven by \" alone {22.23] but are importantly enhanced by local field effects [23).

We now discuss superconductivity. Following the Eliashberg formalism outlined in [24]
we define the matrix element of the pairing interaction,

0 ront
T 5 2 F(k‘k:w)
AcE(sFth A = ‘3C”CF<5F)/0 d“‘—_,—‘— \

(")

where acp(sr) is the electron-charge luctuation (spin fluctuation) vertex, and F(k,k';.)
is given by —;lr-IrnxCF(bF)(lc, F';.). where \(CF(bF)(k,k’;;u) is obtained from (3). In (7) k
and &’ are constrained to lie on the Fermi surface. We have used the solution of Eq. (3) tc
evaluate (7) in various orbital states as a function of model parameters. In Fi 1(b) we
show the typical results for the ground state of the CuQO9 plane as a function of z. We have
set £ = 0. SC I is a d-wave superconductivity, produced by low-lying spin fluctuations.
In this region T, is expected to be low. due to self-energy corrections and dynamic pair-
breaking. For r > 1., the superconductivity crosses over to the s-wave type (SC II),
where charge fluctuations dominate and T, may be higher since the above limitations are
absent for an isotropic superconducting state. High T.'s are still problematical in pure
C-T pairing because of competing trends of coupling constants and u*, however it is very
important to note (see below) that phonons may enhance T, in SC II phase (they basically
have no effect in SC ). Since T. calculations are notoriously unreliable one should interpret
our results as representing qualitative trend produced by doping the AB band. Finally, for
large doping, the AB-NB interband charge fluctuations can lead to a CDW phase, a charge
disproportionated state with a “frozen-in” Cu ~ O charge transfer and lattice distortion.
In t" e shaded regions there is a competition between different ground state symmetries and
it 15 possible that the system is a metal at T = 0. This phase diagram is very suggestive
of a similarity between high T. oxides and the “old” Ba-Pb-Bi-O superconductor (25,26].
The newly discovered K-Ba-Bi-O superconductor increasingly clearly belongs to the same
class.(9) This behavior is also ia qualitative agreernent with recent data on the 2-1.4
material which indicate that T, saturates at 40K for z between 0.15 and 0.25 and then
drops quickly to zero at z ~ 0.30 [27); data on T, in 1-2-3 materials as a function of hole
density in the plane now appears to be similar [28).

Why is Te much higher in 1-2-3 and the new Bi and Tl systems than in 2-1-47 We
conjecture ‘1! that the dynamic polarizability of the environment of CuQq planes is cru-
cial for elevating T.. As an sllustration, we consider YBagCu3Qg g specifically. Consider
a single Cu-O chain along the y-axis. (\We emphasize that chains are pgt crucial to our
general concept.) \e can use the same Hamiltonian (1) where now the relevant atomic
orbitals are Cui dy2_ ;2 and O py... In 1D there is perfect nesting at any band filling. The

ensuing instability 1s driven by deformation of wavevector Qy = 2k%. Just as in the plane,
as holes are added to the AB band. @, decreases from -f; (&-ﬁllcd) to 0 (AB band empty),
and [(Qy) can become negative, leading to strong charge fluctuations. The actual CDW
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Figure 1. a) the generic z-dependence of .gr and »c g for CuOq plane. The region of
~CF < “5fg occurs only for sufficiently large V'/U as explained in text. JCF refers to
the interband cherge excitations which may lead to the CD\V (charge disproportionation)
distortion at high doping. b) The qualitative ground state phase diagram as a function of
r. Different regions are discussed in text. A CDWV phase is most likely for ¢ = 0.



instability is prevented by hopping. ¢t . between chains and planes, by quantum fluctu-
ations, and by disorder. The reduced dimensionality, however, is likely to make chains
more polanzable than planes. In this way we use the high polarizability of a 10 system
at wavevector 2k% to further enhance an intrinsic polanzability of the Cu-O bond (see
helow). The hich polarizability of the chains will atfect the electron-electron interactions
on neighbor:ng planes, via an effective chain-plane Coulomb coupling, W. This effective
interaction for electrons on planes is given by ncll'QTr\Cha'"(qy,u), where n. is the linear
density of chains. Note that. this interaction is the same for two electrons on adjacent
CuOy planes or on a single plane.

In reality the situation in YBayCu3 05 9 is more complicated. In addition to the linear
Cu-O chain, there are bridging oxygens  O(4)). which control the plane-chain coupling,
V. The presence of these oxyeens induces additional transverse polarization of the chains,
favoring intraplane pairing. This mode is a part of an interband response, not included
in (3). Consider the cluster in Figure 2a. The upper and lower Cu have the coordination
of the planes (Cupj. while the central atom is a unit of the chain (Cuc). The orbitals of
particular interest are the d :_,2 orbitals on the Cup, the dy2_ ;2 orbital on Cu,, and the
p- oribtals on the bridging Or4) oxygens. Note that the bridging O p; orbitals have the
wrong symmetry to interact directly with dz2_,2. but can interact with the dya_,a orbital.
These three atomic orbitals on the chiain combine to give B, NB, and AB molecular orbitals.
The NB orbital will develop into a narrow O py band along the chain axis involving O p:
orbitals. while .he AB orbital develops into the Cu d,a_,2 band considered above. Current
ab initio quantum chemistry calculations [29] on the cluster in Figure 2 suggest that the
interband charge rransfer mode. in which an electron moves between the NB O py orbital
and the AB Cu dy:___: band. occurs at low energy, «¢. of the order of a few 0.1 eV, and that
rhe ground state of the Cu3Cy cluster model for YBaaCu3Og g involves an “empty” Cu
d,2_.: orbital and a pair of electrons in the O pe NB orbital (Cud* -0?). The state in
which the electron is excited from the NB orbital to d,a_,3 (Cu?*-0!-) lies a few 0.1 eV
above rhe ground state. Which of these two states has lower energy depends on the nature
of the correlations included in the configuration interactior.. The common denominator in
all our calculations. however. is the presence of low-lying charge transfer excitations. By
contrast. in cluster models of YBayCuj04 5 the lowest charge transfer excitations occur at

energy ~ several eV

If the above clusters are ordered in chains, there will be strong plane-chain Coulomb
coupling. since both the intraband and interband excitations lead to rearrangement of the
charge distribution on the bridging oxygens. The strength of the pairing interaction should
scale approximately as ;‘;, where r| is the Cu(2)-O(4) distance. With both types of charge

rransfer excitations incl&ded, the retarded attraction will be somewhat stronger with the
electrons on the same plane. Nevertheless, the beauty of the YBapCu3Ogg sandwich
-rructure :s that the bridging oxygens can couple two distinct planes, and we might even
~xpect that the svstem will still take advantage of interplane pairing, thereby defeating
.u large part the direct Coulomb repulsion. The most favorable situation for interplane
paring would occur in orthorhombic YBayCu3Ogg with highly ordered chains, where
'he longitudinal intraband exciton could be dominant. Estimates of T. and gap function
-vmmetry have heen given in [1]. including both longitudinal and transverse excitons,
and intra- as well as inter-plane pairing. Alternative scenarios for the role of off-plane
polarizations enhancing or driving in-; .ine superconductivity are outlined in section 3.
\We emphasize that many related chain complexes (see section 3(iv)) have strong COW
.charge disproportionation) tendencies. ‘which are further strengthened by coupling tu the
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C(l) O\\ //02

Figure 2. a) Cu3O)3 cluster model of the PCP-like structure. b), c) and d) denote the
B. NB and AB combinations, respectively. The phase of an atomic orbital is denoted by
shade. The Cu d,s_,3 orbitals in the planes are pictured for the readers orientation: they

do not interact with the O p; orbitals.

lattice. Therefore, it is indeed plausible to expect that the physics of Cu-O chains in
YBa;Cu3Cg g, with electron-phonon interactions and out-of-chain (plane) O polarizations
included, is dominated by their proximity to a CDW.

2(ii) Charge-transfer-phonon coupling:

Here we present a simple three level cluster model [30] which addresses the possibility that
charge transfer luctuations are responsible for the anomalously large intensity of the 135
c¢cm™' Ba mode observed by Cenzel et 2l. (7) The model also relates to the accompanying
Raman signature and the c-axis anomaly observed by Cava et al., [31] and suggests that
these features should be related to a change in the hole density in the plane.
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Figure 3. Unit cell of YBa

2Cu307 with the relative ionic displacements of the "Barium
mode” at 155 cm™!. (After ref (7]



Anomalously large oscillator strengths have been reported for the IR pbonon mode
observed in YBasCu3O7_;s at 155 em™! for 6 ~ O. This mode has been labeled as the
“Barium™ mode and it can be quite accurately described as a rigid motion of the [CuQ4)
cluster (chain—two O4) in one direction and Ba™? ions in the opposite direction, (Fig.
3). The oscilatory strength of this mode was found to be ~15 times larger than the
prediction of a pure latrice dvnamics calcuiation. 7' This is of course consistent with our
earlier ciscussion here of the importance of the c-axis activity.

We assume that the charge of a C'uO4 cluster in the Y BagCujO7 system is -4. There
are several reasons for such a thesis. If the charge of tne cluster is equal to -3, then
the charge of the conducting planes CuQj should be -2, which implies half filling of the
conduc ‘ng band. and the appearance of the antiferromagnetism. This i3 in contradiction
with the observation of superconductivity in Y BayCu37)7. However, if the charge of the
cluster is -4, or more realistically the average is between -3 and -4, then the charge of
the planes is less than -2. The finite density of holes in the conducting band may then
lead to superconductivity as in doped LasCuOy. In oxygen deficient samples, a part of
the electrons from the oxygens lacking in the CuOj3_; cluster is presumably transferred
to the plane. This transfer will suppress the superconductivity, but will also result in a
structural transformation along the c-axis. as has been indeed observed by Cava et al.[31]
Additional experimental support for our assignment are the X-ray absorption measure-
ments of Tranquada et al.[32] They have found that the “doping” (=reduction of oxygen
contentj increases the number of Cut! ions per unit cell fron: zero to 1 on account of
the reduction in the number of Cu*? ions: They have attributed Cu*! ions to the chains
.Cul). We also note that Monien and Zawadowski [33] have recently given a complementy
discussion of Fano-like Raman scattering enhancement by electronic degrees of freedom
in a 2-band CT model and coupling to a specific (buckling) oxygen plane mode at =~ 330

em™ L
Assuming therefore that the total charge of the CuO3 cluster is -4, we have only four
formal charge stazes of the cluster with the charge configurations.

04~ ! 0472 0472 04~2
: | l
Cul™ = 017% Cul™-017% Cul*-01"%? Cul*!-o01"!
j | | |
0472 04~° 04~ 042

Note that the first and third state are asymmetric in charge distribution, and hence possess
a dipole momentum along the c-axis. The fourth state also has a dipole momentum but
along the chain. For simplicity we shall neglect this state in our qualitative model since it
loes not contribute directly to [R activity of the 133-mode polanzed along the c-direction.

In the Y BagCu3Og system we have quite a different situation. The oxygens Ol are
removed from the chains, and one part of their electrons fills the d-shells of Cul ions,
whi'e the remainder is transferred to the conducting sheets CuQOq. The total charge of our
cluster is then reduced to -3. Consequent's both the p-shells on O4 oxygens and d-shell
on Cul copper ion in the cluster are corpletely filled and no low energy charge transfer
ﬂuctuatior; is possible. There exists only one formal charge state of the clu-ter: 0472,
Cul*. O7¢.

The 4ﬂuctuation.s between formal charge states in the Y BagCujO7 cluster, can be
described approximately by the following Hamiltonian,
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Q t €9

Here, the diagonal matrix elements ;. e; correspond to the erergies of the microscopic
states, while the off-diagonal term t is the transition amplitude from one state to another.
The Hamiltonian (8) can also be associated with a “single particle” Hamiltonian describing
the motion cf a hole among the C'ul and two O+ icns. In this sense e} and e are on-site
energies of the hole on the Cul and O+ iuns. The uirect hopping between two O4 oxygens
is neglected. Note that the microscopic state of the Y BayCu3gOg cluster is the situation
when the hole is removed from rhe system. We shall frequently refer to Hamiltonian (1)
as an “electronic” part of the total Hamiltonian. since the charge transfer luctuations are
nothing but electron motion within the cluster. The effects of including electron correlation
effects within the cluster (e.g. Hubbard U and V| will be reported elsewhere. Here we only
note that their major effects are to renormalize rhe parameters in Eq.(8): it i important
to appreciate that the levels used are implicitly fully dressed many-body ones.

The mairix elements of H,; quite generally depend on the liattice deformation of the
unit cell of Y BaoCuzO-_;. We are particularly interested in the coupling of tlie charge
transfer Huctuations to the 133-mode. The 133-mode is associated with almost rigid motion
of the vhole CuQj cluster between the CuQ7 sheets. This motion will primanly change
the energies ¢y, eq, rather than the hopping amplitude t. The counterpart of the 155-m03e
is the Raman active mode corresponding to the symmetric oscillation of the O4 ions within
the cluster. The frequency assigned to this Rar n mode is 315 em~!. Both modes can
be described approximately by the asymmetric and symmetric oscillations, respectively,
of the 04 oxygens in the c-direction. Let -\; and Ay denote shifts of the O4 oxygen ions
from their equilibrium positions. Ixeeping only terms linear in A| o in a Taylor expansion
of e|. ey, we obtain the interaction Hamiltonian between the phonon and charge transfer

fHuctuations,
A 0 0
Hel—ph=-'\( 0 =31+ 0 . (7
0 0 -3,

where \ is the coupling constant. Other forms of electron-phonon couplings can also be
included (e.g. through t) and lead to similar results. Note also that eq. (9) is oversimplified:
there is in fact a (small) asymmetry to the coupling constants for [R and Raman rmodes.

~ We assume rhat the “phonon part” of the Hamiltonian is given by the familiar expres-
sion

| S : l - \
thaih(_\;+A.§)+§.\I(_\%+A%)‘ (10)

where M and K are effective mass and elastic constant, respectively.
The Hamiltonians (9) and (10) can He rewritten in terms of coordinates corresponding
to the asymmetric (IR) and symmetric (Raman) modes:

21N (11)
1 B \/5 )

The model defined by the Eqs. (3-10) 15 quite general. It can alternatively be associated
with the charge transfer Huctuations between the CuOj planes and CuQj cluster. In this
case we assign the tollowing formal charge states

I
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described again by Hamiltonian (1). The phonon modes A and Ay now correspond to
the motion of the sheets C.O2 with respect to the chain unit CuQj, which is also part of
displacements involved in the 135-mode. Conradson and Raistrick [10] have emphasized
the importance of this charge transfer channel from an analysis of their EXAFS/XANES
data. Presumably thi: charge transfer fluctuation also contributes to the IR activity of
1353-mode. The most important charge transfer has vet to be unambiguously assigned but
ab initio quantum chemistry is in progress (34| and finds a strong enhancement of the
dipole derivative for the rigid c-axis motion of a CuOy4 cluster. This enhancement is a
combination of the inherent oxvgen polarization and charge transfer excitations within the
cluster. Note that from a solid state model perspective oxygen polarizability may also be
included via anharmonic electron-phonon coupling, in the spirit of shell models.[13]

Our model is a generalization of a two level system arising in many physics contexts.
In fact a sirnilar two leel svstem has already been applied for the anomalous IR activity
of the 240-mode in LayCu04.733] The scenario precented here can apply in a plane cluster
rhrough coupling to an appropriate phonon, and evidence for in-plane (e.g. Jahn-Teller,
breathing. buckling) phonon modes has heen reported [6].

The interaction Hamiltonian {9) will result in a renormalization of both IR ¢ .4 Raman
phonon frequencies. [* can also cause a static deformation of the cluster, which may
he important for understanding of the structural transformations ooserved by Cava et
al.’51; The renormalized frequency can be found within the usual RPA treatment of the

interaction (91, Fig. 2a. In rthe case of the IR mnode the renormalized frequency is given
by

) A2

=) = —— )
~TR =<5 _\!effﬂ,\r_\r(v‘. (12)

where -, is the hare nhonon frequency. ,/ vi—. while I 18 the electron polarization,
i q ARV oy AB P

ds
ﬁ43=t/‘—1_-Tr(G(.4+s).-l G(E) B) (13)
[n rhe above »xpression G(w) 18 the electron Green function ~qual to

Glw) =w—Hy™V . (14)

The pow f Glw) with the lowest real parr is shifted in the upper part of the complex w
piane, white the others poles are shifted iuto the lower part of the w plane. The matrix M
.0 expression i 12) 1s the part of the interaction (9 corresponding to the IR mode, viz.

L /L 00
M=— 100 0. (18)
vI\no 0 -1

From expression (13) we can obtain the real part of the electron polarization and hence
the change of frequency of the [R made die to the electron-phonon interaction (9):

12
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g Sl v Marar(0) . (16)

In Y BarCujOg there are no relevant charge transfer fluctuations., and consequently
the frequency of the IR mode (and the frequency of any other mode) remains unchanged.
1.6. wo. The above expression is therefore the relative difference between the frequen-
cies of the 153-m «de for Y BayCu3O;7 and Y BayCu3jOg systems. It has been found ex-
perimentally that this difference is ~10% (for Y BasCu3O7 «tg = 135 em~!. while for
YRasCujOg «1g = 168 cm~!) (7] The right-hand side of Eq. (16) is proportional to a
conventional definition of the dimensionless electron-phonon coupling constant,

A2

A= e
.\!elfwaiv

where W is the width of the excitation spectrum of the charge transfer fluctuations

€y —61)2

2\/2; + (
In order to find the polarizability we need to determine the operator P of the dipole
momentum of the system. This contains several terms with diffeent origins,

P=2AQu~-poM). (17)

The first term is the dipole momentum induced by the asymmetric motion of O4 ions.
Here Q is the oxygen charge and u is the displacement of the [R mode defined in Eq. (11).
The second electronic term depends on the microscopic state of the cluster. The quantity
Po is the dipole momentum of the first {third) microscopic state; it is of the order of the
electron charge multiplied by the distance between Cul and O4 ions. M is a matrix deftined
ty Eq. (13). In the case of the plare-chain-plane cluster, Q is the averaged charge of the
CuQj pianes per unit cell, while p, is of the order of the electron charge multiplied by the
dictance between Cul and Cu? ions.

The polarizability a of the system is given by the correlation function of the dipole

momentums. The phonon part of P leads to the familiar lattice dynamics term,

2
9 ¥ ! 5 (13)
-»!e,l w"R—u-'

aph(=) =2

The electron part of the polarizability is praportional to the polarization [Ty .

a,lw) = '_'_’pg Myag(w) . 19
This is the “eroth order term in the electron-phonon interaction. The RPA treatment of
the interaction (9) results in an additional term with a pole at the phoron frequency < 5.

(poATypag)? 1 .
Sag(w) = 2 Lo MM T 120)

In Y BagCu3Oq this additional term is absent because the charge * ‘ansfer fluctuations are
suppressed. The combination of the Eqs. (18) and (20) gives the polarizability with an
effective oscillator strength equal to

13
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for the 133-mode. The difference ¢ f between rhe oscillator strengths of this phonon mode
in Y BasCi;0- and Y BagCu3zOy systems is therefore given by
ﬁf_- (p,, Ny, 2 (
—_— = ——— "
f Q
According to the measurements of Genzel et al. 7] the quantity (22) is equal to 13.

Equations (16) and (22} can be used for independent estimates of the coupling constant
A for Y BaaCu3zO;_4. If we assume that the polarization vy \y(w = 0) is given by the

inverse of the typical energy of the charge transfer Huctuatic..s!®. i.e. of the order of (0.1
eV)~!. then. according to the Eq. (16) the coupling constant is

Megp eV
AN=0.12 ) =——=~ .
0.1 \/ Mp 1

while from Eq. (22) it follows that

22)

v
\ ~ 0.19; .
4

Here, M5 stands for the oxygen mass. In order to improve agreement between these two
estimates it is necessary to assume that the effective mass M, s, of the 135-mode is of

the order of four oxygen masses: this effective mass requirement increases if the energy
of the charge transfer fluctuations increases (i.e. ﬂ_"'rlM) 0.1 eV). The estimatcu values of

A are relatively small in comparison to coupling constants in some other materials, e.3.
polyvacetylene. Interestingly, other estimates of A based on the superconducting transition
temperatures lead to similar values.[36]

The static deformation of the corresponding symmetric (Raman) mode is given by the
averaged value of its interaction with CT fluctuations,

. /1 0 0
Y =3 0 -2 0 . 23
Lo 753((0 o0 )a (23)

For Y Ba,Cuy0=. 1, exists for any finite value of the coupling constant A, and is equal to

A Jeq =)
Lp ™ = . = (| + ——eresse———) . (24)
YT 1268 4 (Bg2 2

However *h:s deformation is equal to zero 1n Y BagCu3yOs. The expression g24) corresponds
*herefore ro the difference of the Cul-O4 distances in ¥ Bu3Cu3Oy and Y BagCujOg sys-
rems. which 1s found experimentally to be equal to 0.04 4, or =~ 2%. The static deformation
of the Raman mode will also renormalize the on-site energies, so that the energies ¢; and
+y are shufted by 2Av,/+/3 and for -Av,/ v respectively. For self consistency we must take
into account these corrections 1n all previous expressions. Alternatively, for the plane-
chain-plane cluster the static deformation (24)1s measured to be equal 0.13 A, or = 3%.
A static deformation of the asvmmetric (IR) mode is possible only for sufficiently large
coupling constants A. The critical value of \ van be estimated from the expression (3) by

(4



requiring that the renormalized frequency w/r is equal to zero. Since the change of the
frequency in the IR mode is proportional to tﬁe dimensionless coupling constart, we find
that the necessary condition for this transition is \ > ‘-‘:QI ~ 1. Note that such a static
deformation of the IR mode will induce a permanent dipole momentum in the unit cell,
and it is therefore to be associated with an ( anti- ferroelectric transition.[37] In this region
of parameter space, the dynamics of the IR phonon mode is essentially nonlinear. The
corresponding equation of motion of this mode can be found in an adiabatic approximation
valid for t* 3 \i =~ \uw;g. For small phonon displacements, we obtain an equation with
2 dominant cubic nonlinearity:

B

_—_ .
Mi=-RKu+ KN u(l=(—=)?), (23)
“CT Uo
where the coefficient of the nonlinear term is
. A2 5
u;'z = ﬁ_—z-—_\—'(?.t + ‘V(El - CQ)) .
~CT

Clearly. the three level model defined by Eqs. (8-10) can be .sed only for some special
composition of the ¥ BaaCu3zOs_;. Namely, the number of the holes within the cluster can
be changed only discontinuously, in our case from the one hole to the case with no holes.
As we have already discussed. these two cases correspond to the compositions with § =0
and & = 1 respectively. However, in a case with an intermediate composition 0 < § < 1, the
crystal of Y BagCujO;_; consists of the clusters with one hcle and the clusters without
holes. The most simple approach to such situation is the virtual crystal approzimation.
(Extension to a coherent potential approximation is also straightforward.) According to
this approximation the overall electron Green function is given by the linear interpolation
of the Green functions of the two limiting known cases,

G(12620)=zGé=1+(1-z1)G(§=0).

Here parameter x is the fraction of the clusters with no holes. According to the measure-
ments of Tranquada et al..;32] this parameter is nothing but the number of the Cu*! ions
per unit cell. and 1t is equal approximately to  for é < 0.6, while for 6 > 0.6 it is ~ 26— 1.
By using the formula (13) for the electron polarization, we find that [y ¢ is proportional
to(l —r),

Mym(l2020)=(1~z) Mypy(6=0).

The composition dependence of the frequency of the IR-mode can be obtained from Eq.
'12). It is qiven by a linear interpolation of the {requencies for § = Q0 and § = 1,

“IR(12620)arypibal)+(l~z)wig(é=0).

A nonlinear behavior in § of the frequency .;p is expected only for § close to 0.6, when
an orthorhombic-tetragonal transition occurs. %he electron contribution to the oscillatory
strength of tue IR-mode is quadratic in the electron polarization [y ¢, and consequently
It wn}?show a more dramatic 4-behavior. [t decreases linearly for § > 0, and eventually for
» < 1 it disappears as (§— 1)2. The virtual crystal approximation also predicts the linear
x-behavior of the static deformation of the Raman mode. Associated with such a static
deformation there is also a seif-consistent change in the hole density in the planes/chains.
This is presumably reflected in the rapid change in T, at § ~ 0.8.
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Finally, we note that more detailed microscopic modelix}} of phonon-CT coupling re-
quires studies of clusters explicitly including, e.g.. Hubbard U and V and electron-phonon
interactions. Such studies are in progress.

2(iii) Pairing-Bag excitations

Here we focus on one aspect of strong coupling ismall coherence length) superconductors,
namely the possibility of polaron or bag-like leformation of the condensate, which may
have distinct experimental consequences - - e.g. for observations of the tunneling density
of states and assignment of a SC “gap.”

In the painng theory of superconductivity. the ground-state energy gap J is uniform
in space for a translationally invariant system.’38] \When & single quasiparticle is added
to the system. the gap is assumed to remain uniform so that the excitation is in a plane-
wave state k. As in Koopmans's theorem for the Hartree-Fock approximation to extended
sytems, 2 is unaltered by the presence of the excitation as the volume of the system tends
to infinity.

For nonzero temperature. the gap decreases because of the finite density of quasipar-
ticles, with  vanishing at the rransition temperature T, where the quasiparticle density
is of order (£/a)? per coherence volume £3. with a the mean electron spacing and £ the

zero-temperature coherence length. Since £/a = 103 for conventional superconductors,
the depression of the gap by the addition of one quasipartic'~ in a coherence volume is
extremely small.

However, for the new layered high-temperature superconductors the corresponding £ /a
is of order 1-10. Therefore, when a quasipurticle is excited in a coherence voiume the gap
is locally substantially reduced even at zero temperature. This reduction forms a baglike
potential which, if sufficiently strong, self-consistently traps the quasiparticle, as in a self-
trapped polaron. Here the pairing field plays the role of the phonon fleld of the polaron.

We study the structure of suc%x localization pairing-bag solutions to the Bogoliubov-de
Gennes equations on a two-dimensional square lattice in the context of the “negative-l™"
Hubbard model.{29] As in the case of spin bags.[40] for a half-filled band we find self-
consistent solutions for 3 which have “cigar” or "star” shapes depending on the symmetry
of the orbital in which the quasiparticle is initially placed, as well as the initial spatial
form of A. While these solutions break translational symmetry, this can be restored by
forming linear combinations of such localized configurations suitably phased to create a
momentum eigenstate.

\We consider the negative-U" Hubbard model on a 2D square lattice to mcdel the CuO9
planes in the nxide superconductors. The Hamiltonian is

l.{ - - Z tnmCI'ruCnl - Z ‘-nmC:anLlCnlcmt . (26)
nms rm
[n the mean-field pairing approximarion for the superconducting phase one has

H=- Z tnmdn.cﬂ. - Z[-\:\mcnlcmt

nma nm

(3%
-3
—

r He =1 Qnmi}/ Vam] .

with the sc!f.consistency condition

m!

Anm 2 Vom0l ! 10) 128)
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where V,m 1s positive for an attractive potential and |¢) is a quasiparticle occupation
number state. H can be diagnnzlized by making the Bogoliubov-Valatin transformation:

’ roa *
Cns = Z-“nl-(u - U’“S."':V—S] : (29)
l
Here -,.L are *he quasiparticle creation operators.
: t Y - .
H. sl = E,,‘,-”. [H "fl's] = “‘t‘is'.’l'sv Eia 20. (30)

Wirhout loss of generality we have chosen phases so that up;, i3 spin independent. The
uw and v amplitudes can he determined by our taking matrix elements of the equation of
motion of the bare operators ¢ between an initial state |¢) and the state having one more

quasiparticle in orbital :. As nusual. we work within the grand canonical ensembie. Using
Unis = - “vn, one finds

Elun‘ = z[—""rn“ml + AnmUn-"] ' (31)

m

— .
Evny = __tamvm; + AimUmi] (32)
m
and the self-consistency condition becomes

Anm = Vam Z:umu,'m(l - '\"il) - um.'V,'“-N.'r] ) (33)
i

where V', is the quasiparticle occupation number. Evaluating the expectation value of H
in the state o), we find the total energy given by

N
E,,=—ZE,(1—Z.V,-,)+Z|-“:-,’;—':‘|—. (34)
i nm

For an N <N lattice. we note that there ar» 2N? amplitudes up aad vy. While this leads
ro 2N* eigenvalues E,. only the positive values of E; correspond to the energy required to
create a quasiparticle, whether it be a quasielectron above the Fermi surface, or a quasihole
below: all physical excitation energies are necessarily positive. The negative eigenvalues
rorrespond to the energy released when a quasiparticle (either electronlike or holelike) is
destroved. Theretore, we are only interested in the positive-energy solutions, and sum only
over £, > 01n 1 34).

We Lave solved the equations numerically on periodic ¥ x N square lattices with vV
4 to !t Extremal solutions to the coupled equations (31) and (32) were sought by
eration in {Up,, vn, } until self-consistency (33) was obtained [39| for a given quasiparticle
srenupation, with various initial Mam profiles as “seeds.” The eigenvalue distribution E;
and symmetres of the associated eigenvectors (un,, vn,} were studied. To illustrate bag
.tates we show here results for a local “negative L', V,,m = Vypénm, and pure near-neighbor,
isotropic hopping of strength t. In Fig. 4(a) we show the result of placing one additional
quasiparticle in an orbital near the Hat region of the square Fermi surface. Localization
oceurs, nurroring the symmetry of this or%iul and producing a cigar shape. If orbitals
near corners of the square Fermi surface are occupied, the localised state assumes their
symmetry - - the crossed cigar or star shown in Fig. 4(b). The local dormations of énm
are accompanued (see figure captions) by an eigenlevel being drawn into the uniform gap

v
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Figure 4(a). One quasiparticle has nucleated a cigac-shaped bag on a 14x 14 lattice with
periodic boundary conditions and ' = 2.5¢. The top part of the figure shows O vs the
site index n 1 a linear array (row by row). The lower part shows A on the square lattice
as a gray-scaie plot. The bag was seeded at the sites wiiere it nucleated. The energy level
of the quasiparticle is pulled into the gap. Its value is 0.430¢ and the band of higher levels
starts at 0.568¢.

Figure 4(b). Two quasiparticle occupying the two lowest energy levels have formed two
star-shaped bags on & 19315 lattice for Vg = 2.25t. The energy levels are again pulled
into the gap and are almost degenerate, with values 0.363¢ and 0.386t. The band of higher
energy levels starts at 0.464t. Note that the orientation of the stars was seeded to be
slightly off diagonal in this case.
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present in the absence of added quasiparticles: the greater the localization, the deeper
the gap state. The remaining continuum states suffer energy-level shifts which are limited
to near-gap states as the bag becomes more delocalized. The binding energy E; of a
bag also increases with Vj/t, where the binding energy is defined relative to an added
quasiparticle with uniform A. For example. on an 10x10 lattice and for star bags in the
same initial Fermi-surface orbital. we find (V5/t. A/¢t, Ey/t) with values (2.5.0.615,0.088)
and (3.0.0.354.0.147). In general the star bags seemns to have a few percent greater binding
energy than the corresponding cigar bags.

Inclusion of quantum fluctuations around the bag states described above is in progress.
As in the strong-coupling polaron, the true quantum mechanical states must be constructed
out of the present broken-symmetry states by a phased, translationally invariant sum, to
vield a band of bag states. Note that the hole and order-parameter field must move together
at a large velocity (= vy). This motion is expected to deform the bag. determine limiting
velocities, and even prevent the condensate from following the hole in soine rases. The
influence of a chemical potential will also be reported elsewhere -- the large density of
states at half-filling is most favorable for superconductivity. but varying electron density
changes the Fermi-surface structure and therefore bag shapes.

he physical consequences of such pairing-bag states are under investigation, including

electromagnetic abscrption, quasiparticle and Josephson tunneling, thermodynamics, fluc-
tuation effects. quasiparticle recombination, etc. We have also developed a time-dependent
extension of the present theory, which will allow study of dynamics of bag-formation and
their interactions, localized bag oscillations, and decay channels - - for instance of quasi-
particle excited states to the uniform ground state by phonon and microwave emission.

2(iv) Halogen-bridged transition metal linear chain crystals

These materials have been of interest to chemists for several decades [41). However, they
have only recently begun to receive systematic attention and detailed consideration in the
physics community [42]. While they are important in their own right, it should be stressed
that they represent a controlled class of materials in which to probe many of the issues
raised by the new oxide superconductors - - in terms of theoretical techniques, collective
ground state mecnanisms, doping- and photo-induced defects, and experimsntal charac-
rerization. Indeed typical merabers of the class are direct 1-dimensional analogues {43} of

BaPi;__Bi: O3 and lead to our current efforts to dope the 1-dimensional materials near

transitions between (e.g. charge- and spin-density-wave) ground states. More specifically,

we emnphasize here:

;a) Theincreasit,g appreciation of strong. competing electron-electron and eleciron-phonon
interactions in low-dimensional matenials and the consequent need to expand many-
body techniques. The MX materials offer a rapidly expanding, single-crystal clasg of
quasi-1-D systems which can be “tuned” (by chemistry, prescure, doping, etc.) between
various ground state extremes: from strong charge-disproport:. ..ation and large lattice
distortion (e.g., PtCl - 20% distortion) to weak charge-density-wave and small lattice
distortion (e.g., Ptl - 3% discortion). to magnetic mg undistorted (e.g., NiBr);

'h) The opportunity to probe duping- and light-induced local defect states (polarons, bipo-
larons. kinks, excitons) and their interactions in controlled environments and the same
large range of ground states,;

tc) The simx?a.rmes between models and theoretical issues in these materials and the
recently discovered high-temperature superconductors. The MX materinls are also
closely connected conceptually with mixed-stack chazge-transfer salts.

The MX class, then, is importaat in its own right, but also as a testing ground for con-

cepts and electronic structure techniques n strongly interacting (hoth electron-e¢lectron
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and eleciron-phonon), low-D electroniz materials. A joint theoretical effort is underway
to give a unified undersmndinuf of these materials frora the different points of view of
band-structure calculations (valid in the delocalized limit), ab initio quantum chemistry
calculations (valid in the high localize .nit), and many-body Hamiltonians.

From a band structure point of view. the MX class is essentially a hybridized 2-band
(M and X majority) system in which the anubonding band is half-filled at stochiometry
with several nonbonding levels between the bands. In the ionic limit for, e.g., M=Pt,
X=Br one has a filled Pt d.2 orbital and a half-filled Br p; orbital, i.e. 6 electrons per
MX unit. The structure of a single chain is shown schemarically in Fig. 5. Coupling
between adjacent chains is small and the ligands appear to be of secondary importance
for the electronic structure along the chain. When illed non-bonding levels lying between
the bonding and antibonding bands are inclu’™ i, a3 weii as the extended Hubbard and
strong (nonlinear) electron-phonon coupling tarms. we see that we have a 1-D version
of our previous description for CuO9 planes (and chains) in the superconducting oxides.
However, here we have advantages of tunability of model parameters and of single crystal
materials.

For instance, focusing on a single orbital per site and including only nearest neighbor
interactions, we have investigated (44| the following two-band model for an isolated MX
chain:

o \,
H = Z ((=tg + ad(c] jctets + ¢l p) gl + 1(=1) 260 = J(A + Al—l)]"—'}‘acl,a’}

l.o

+ Y Uinppng + V) mgnggg + Vg y Y miniaa (38)
[

l « even

- - 52
I 3 Kyyyg 2.1 P
+-.3-Z—\1 +“'.2_'Z(’—\'21+A‘2l+i) +§>-;T/I%

{ {

with Jy = [Jy. Jyf], {7 = [Uy, Uyl relative coordinates &y = ujy | — 4y, womenta py, and
displacements from uniform lattice spacing &;. This is, of course, a diecrete tight-binding
extended Peierls-Hubbard model with 2e, = ey-ex (2y x being ou-site affinities), intra

( 3)- and inter (a, breathing)-site electren-phonon ccupling, aud an effective M-X spring
(K;. In addition a metal-metal spring (K7 s tends to preserve a niform M-M distance,
representing the “cage” effect of the J-dimensional network.

[t is not our intention to review the M-X materials hare. We merely note that the full
spectrum of analytic and numerical techniques used for oxide systems is also being em-
ployed [44]. This investigation has revealed a rich set of coliective ground states as param-
eters are varied: charge-density-wave, bond-order-wave, spin-density-wave, spin-Peierls,
etc. Correspondingly, defects (kinks, polarons, t.polarons, excituns) have been studied
with respect to these various ground states. While expectations of superconductivity may
he optimistic, interesting behavior is indicated near th2 transitions between ground states,
where fluctuations of competing phases are soft. For this reason there is a systematic
»xperimental program using chemistry, pressure and doping to “tune” into these regimes.

Finally, we note that simple dimerized patterns are not che only yround states of Hamil-
tonian (35). We have found, for example, that strong on-site electron-phoson coupling,
in the presence of Coulomb interactions, drives a hierarchy of long-period (superlattice)
ground state states [43]. This will also occur in higher-dimensional analoga and it is in-
triguing to speculate that Hamultonians such as (33) may contain r.ot only the secret of
superconductivity but also intrinsic microscopic mechanisms for the “twinning” and su-
perlattice structures which seem to be so characteristic of the new oxide superconductors.
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Figure 5. (a) Schematic of the MX chain showing the model parameters and a CDW
distortion: (b) the corresponding tg = a = 0 energy levels.

3. Discussion

A microscopic theory of HTC in oxide superconductors is still not available. Given the
10 year histories of heavy fermion and organic mixed stack superconductors (see these
proceedings) this is not so surpnsing. In this article we have indicated several strate-
gic lines of thinking: (i) Transition metal oxides are distinguished generally by strong
competitions for broken symmetry ground states of many verieties. Superconductivity 19
an “eye-of-the-needle” problem of operating near trarsition between other broken symme-
try states, where soft fluctuations can be used for pairing, without freezing into those alter-
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native ground states; (ii) We have argued that, although charge and spin fluctuations

will inevitably coexist in these small ccherence length materials, charge fluctuations may

play the dominant role. In BazK;-BiOj3 this is natural, since a disproportional (charge-

density-wave ) reference state is close to superconductivity. In the copper-based HTC mate-

rials, the stoichiometric materials is dominated by an antiferromagnetic spin instability (as

in organic superconductors). Ve have argued that the :ole of hole doping is to drive prox-

imity to alternative incipient charge-density-wave instabilities, possibly including a strong
short range antiferromagnetic spin component; (iii) Very high superconducting transition
temperatures are problematical within conventional BCS/Eliashberg mechanisms using
phonons. spin or charge as the pairing boson. We have however argued that a synergis-

tic coupling of phonons with charge (or possibly spin) is natural in these perovskite-like
materials. Furthermore anharmonic (large-amplitude) lattice distortions are also natural
here. We have argued that coupling of phonons to C-T chaanels can drive the soft phonon
distortions. which can then augment underlying charge/spin pairing mechanisms. This
can happen purely in the plane (in La;_,Sr;CuQO4). However, further enhancement is
possible in 1-2-3 and other truly layered materials, using the dynamic polarizability of the
material surrounding the planes. This polarizability can induce pairing in the plane using
the polanization fluctuations. Alternatively, the C-T excitations microscopically compris-
ing the polarizability (section 2(i)) can couple to, and act as a “pump” for, soft phonons
in the plane [1.22] (e.g. the buckling mode [33]) dri'ing them into anharmonic regimes
and leading to the scenario suggested above. Such a scenario relies on a combination of
specific structural and chemical features in these materials, and should not be confused
with simple charge fluctuation pairing.

Thus, we believe that serious attention should now be devoted to superconductivity
within strong coupling BCS theory, but with coexisting and coupled C-T (excitonic) and
phonon channels. possibly with relatively strong effects of eleciron-electron (Coulomb)
interactions (e.g.. antiferroruagnetic spin fluctuz.ons). Such theories are not constrained
by the T, limitations of pure phonon coupling but need some developmen®s beyond familiar

liashberg theory - - including vertex corrections, for instance.

Some preliminary steps including multiple channels additively in the Eliashberg func-

tion (a*/=)F(<)) have been taken H46]. A coupling of channels shouid be investigated,
however. In addition, it seems likely that strongly anharmonic phonons are necessary.
Aga.n. preliminary steps to generalize Eliashberg theory have been taken (47], but much
remains to be done - - it may be necessary to go beyond Frohlich-level Hamiltonians to in-
clude the influence of the superconductivity on phonons (indicated by certain experiments
'27]) self-consistently. Inclusion of double-well anharmonicity is an interesting first step,
especially if we recall that descriptions of structural phase transitions in perovskites nave
traditionally used “shell” models, integrating out the electronic degr: of freedom (e.g.
the oxvgen polarizability) to leave effective anharmonic phonons. T real phonons can
be used for pairing electrons Sholes) as in conventional Eliashberg theory and will result
in a temperature-dependent Eliashberg function with possibly distinctive consequencer for
sotropic <hifts, effective values for 23(0)/kgTe, ete.
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